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SELF COMPENSATED MULTILAYER DISTRIBUTED CONSTANT DELAY LINES

Frerarzd dbys

Wililam S, Carley

ABSTRACTs The inductance of 2 line iz knowm to decrcease with
frequency. The stray ceapacitance bhetween turns is actually in

oy,

paralliel with the inductance of a turii, This forms a parallel

frequency. In the muitilayer cass the stray capacitance is
increased many times. From thesc prilaciples, deslgn equaticns
are devsloped for the muitilayer line.

In the impsdance range of 2,500 to 10,000 chms theses lines
have delays ranging from 0.65 to 0.5 microsecond per axial
inch. These lines have characterlstlc impedances which are at
least three times greater than conventional lines and delay
times per unit length of about 10 times that of delsy line
cablea,

Experimental results in the ferm of photographs of the pulse
response of sgeveral of thege lines Lo puvlse durations of 1.0
iricrosecond are given. RG~-65 U delay line cabie 1s used for
comparison. '

ilayer
a if the

Experimental resulis show that the rise time of mult
lines can bc shorter than commevcicl delay line eabl
delay is in the vieinity of 4 microseconds.

pebe

The investlgation was made as part of Fourdational Research
Task Numbers FR~-W-52, FR-L-93, ané Fi~2%-54,

U, S, NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAKD
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The resulis o an lnvestigetion of high jimpedance delay linecs
are riven in this report. References are made in the text to
ths rollowing publicatlons:
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Cross Section of Line

Schematlce Diagram of a Section of Line
P10§ of Number of Layers of Multilayer Bank
vs -/ o

Mot of 352 vs Tﬁ;ﬁ for Various Values of q
Piat of % Variation in T vs

Plot of § Taplation in T vs ?WQ/Q‘max
Flot of {TES) nrax vs g &
IXfects of Lmpilitude Listortleon with Jo Pha
Distortion Respense 7o a Unit JImpulse
Phase Shift vs Frequency

Effects cof 2 Sinusoidal Phase Distortion with
Jo Amplitude Dlstortlon on the Response 1o a
Unl¢ Tmpulse

Wound Delay Ling, Slotted Core, Slotting
Equipment and Wire Feeding Davice

Fhotograph of the En¢ Portlion of a Bank Vound
Line

Bilock Diagram of Meaguring Equipuend
Video Amplitier Cirenit Diagram

Block Diagram of Eguipnent for Cpen and Sacrt
Civeul® Data

Pulse Response of Sgveiral Benk Wound Lires end
a Short Length of WG~65/U Delay Line Cable
Coaparison of Pulse Response of a Banl Wound
Line with RG-~65/U Telay Ling Cable end G. B,
5111891 Delay Iire Cable

Comparison of Several 3 layer RBanlk VWowd
Linas for Various Types cof Iasmlation on
AW,G, 41 Vire

Polse Response of a Line UWoued with A.W.G.

L7 Vire

Palse DNesponsse of a 10,000 Chm Line

F1lse Regponse of a Iine to Various Pulse
Durationg /4 e/

A Plot of 7o vs YA for a Typical Linz
{Line C)

Compariscen of Puise Respunse of a Long Panit
Wound Line with RG-65/0 Delay Line Cable
Flot of Rlse Time vs Time Delay for Solf
Compensated Linas and RG-55/U Delay Cable
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; SELF COMPENSATED MULTILAYER DISTRIBUTED CONSTANT DELAY IINES

e INTRODUCT'ION

1. Inereasing appiication 1s being made of distributed comstant
delay lines as circuit elements in present day electronic equip-
ment. The cheracteristic impedance of these lines has been
limited to values. between 400 and 3,000 chms and delay times up
to 1/2 misrosecond per foot., The author recantly reported pre-
liminary investigations on miltilayer bank wound delay lines
— with impedances from 5,080 tQ 10,000 okhms and delay times up to
1/2 microseccnd pey inchls2s3s%y0, The object of this report 1is
to consolidate the theoretical work in the design of multilayer
1ines with experimental resuits in the impedanca range of 2,500
to 10,000 ohms,

Theory

. 2, Figure 1 1s a view of the line, with a secilon taken along
the axis of the solenold. The line 1s assumed to be infinite
in length and of a multilayer bank wound construction with

: capaclitance to ground., In gencral the llne was wound over the
ground as shown in Figure 1 but several lines were wound with
The ground over the line, Z is tsken ajong the axial direction
of the winding, It is assumed that a matuel inductance exists
between two elementary lengths of the wire which is dependent
'solely on the distance between them, A stray capacitance alse
oxlists between each turn and several of its neighbors. The
overail diareter of the vire with its insulaticn 1s b and that
of the uninsulated wire is a. ‘The number of laysers in the bank
winding 1s p. It is assumed that the wire in traveling from a
Top layer to a bhottom layer, does not take up any space, It 1s
Turther assumed that the diameter D is a small part of a wave
length at the highest frequency of interest.

3. The schematic diagram of the line in tsrme of lumped pare-
moeters is shown in Figure 2, The scction of ths wmiforn line
dZ in length 1s characterized by a shuant conductance 4G = GAaZ
a shunt capacitance d4C = C,dZ, end a geries resistance 4R = rdzZ.
The structure is further compi;cated by the stray capacitance
between turns and by the fact chat the total phase shift is so
Zarge that the inductance of the Infinitesimal secticn under
study 1z influenced by the phase cf the ourrent flowing in msny
other turns. It 1s asgsumed that the phase differsnce between

& the currents in the other turns 1s dependent on the distance
hbetween them and the turn under consideration.

L, It will he assumed that the characteristics of the 1line can
Le deduced from the characteristics of any one elementary section
talkingz inte account the effects of other sections en the eliee
entary section,

1

YRR S T s T e il e WY L SRS S R R YR TSI MBS I L e T | e L e




i 5 §

NAVORD Report 3759

5o As in standard trensmission 1line proccdure we will assums

a definite input current and voitage, and calculate the output
eurrsnt and vollage from the constants of the 1line., As the
1ine sectlons are already reduced te infinitesimal sections we
may negiect the shunt elements in the computation of the eoffect
of the series elements and vice versa,

6. In each section of the line the voltage is decreased be-
cause of the serles impedance and the current decreased by the
action of the shunt admittance and the stray capacitance. In
order to simplify the derivation 1t will now be assumed that
the current and voltage are sinusoidally distributed in the
axial direction (Z) execept in the calculaticn of the eftective
series Inductance snd the effects of the stray capacltance,
This is a very good approximation as the lines have & very low
loss and in fact will later ba assumed lessless to further
simplify the zTesulting equations, .

7. Noting that a dot over the quantity is used to denote a
vector the squations of the veoltage drop across an Infinitesimal

nandlan ol

ssctiocn of lins and the shunt current may be written as

2 L -] ] - * s 2 1 o (1)
~dv{w",t) = Ri(w",t)dw"{ fm(w)é% i(w',t)dw'j dw"
Wi=.-00
and B
[
L] [ 3 4 2 -4 (2)
a1, t) = ovibe, tiabmcd  vnedans] [ el vam, o
,dt wi):m_‘_)o _.‘at”
cv(ur, )l awt] adn,

vhers v = alternating couwponent of the voltage,

1 = alternating component of the current,

R = resistance per unalt length (mhos/meter)

G = conductance per unit 1ength_(mhos/meter5S

Cp = capacltance to core per unit length (farads/meter),

m(w? = mu%ual inductance por unit Iength hetween twmw
elemontary sections of 1line length GZ and 3z2°

. separated by a distance, w (henries/meter),

W= (2'-24r'-r) = wl - W

wi= Zi4p?

W= g4
ey 1 =

Tmax ©XP jw(t»%")

v
where &) =2xV = 2xf

V = valccity of propagation.
2

TIEUE SR R R T R T S WNEY. S IEI 1) SNy ST . N NPT 5V, Sha t 4 St vy Ry AR ST S SOP A R REYReT  w T ST 3 = g

T 4



Y T D o I 5T - ST TO, e T T N S W R R SRR R ORISR LN SHo R STRINITLIVOR S ST Rn T

NAVORD Report 3759

o2

. Let us look at m(w) ¥ 1(w',t)dw’,
[ no 3

- o Cr

= Juﬁ‘//m(w) exp 1 w(tww ) dw',
= jwl exp jw (tmw":}rm(w) exr/3~dw)dw,

—-—

= jwi L(w), (&)
where L(t‘;';) =:/°:1:x(w) exp,-j,_/w,dw, (%)

. thus IJ%ﬁ 1s the Feuricer *“ansform of m(ﬁ)

8. This problom may be simplified considecably'by fhe rollow-

ing apnroximatlono 1ot us agsums that the radial depth of the

winding pb (¢ ¥ sud in fact i1s sc small that (r'sr) —> 0.

In other words we assume we have a single layer solenold wound

with wire whose dlareter 1s %o This essumption has been
experimuntally verified as will bs shown later. In practice B

would have a lower limit of about 0.07" ard pb upper limit abBut

@ 0.012" so that r!' would vary from 0.064" %o n

9. The parameter yw then beccmes a functlon of the aexial sepa-

N ratlon betwsen the re‘egenca turn and all other turns. This
problem has been solved The authors replaced the coill with a
thin o6yiindricel sheost of radius 5 over which flows a current
sheet in the axial dlirection

Ig = Lo exp{-p4) per unit length
where ¢ = 27
The sofhtion of eguation (5) was given as

L(4) = [211 (vD) K (1r;._12_ﬂ L (6)

O
v

whers } and Ki &tre mo@ified Bossel Functions of the first and
second Kind

Ib v inductance of the line at low frequencies (henries/meter),
D = mean line diameter {meters),

S, = axlal wave length along the line (meters).

- 10. We now determine the cepacltance coupling to the n th coil
by consldering the effect of the nearcst nelghboring colls only.
Inasmuch as the varieble of Integration in equation (2) is w' e

xR
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one can take the dlfferentistion sign out of the integral thua
fc(w) ol lv(w",t) -v(w’,t)] dw' =

-oﬂa o® 0 . ) . ' ( )
Tf/ c(w) rv(w .t} —v(w t)J dw [

-

11, As the ocapacitance por unit length is constant equation
(7) becomss

- %t., ff !&(&",t) -v(w,t)] aw’, (8)

Where C, = atray capacltence between two adjacent turns ami
Cy = stray oapacitance/unit length.

=
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o0
&(W",t) -v{w! ,t)] d w's "'{-('Vn.-a}“;w 1 =Vp) “"':" (Vn-.:p =Vn %(Vnau “Vni
V : ]
~BR ~(Vn¥n+1) = (vn  -Vp4p ) ~(vpn ='Vn+p+1)J {9}

If, the n th turn had been on the inside bcundary
J [V({V",t) . V(‘V;V"t-)] d‘&': e {(VQ:’D "‘vn) = (’Jn S Vnil)m(‘?n v'ln,*_p)

-

-(¥n "Vn+p+1¥. (10)

e

Ig‘o the n th turn had been on the outside boundary

{[ . 2 o .
{;:(w",t}—-v(w’ A {dw’:-—: {-(Vn«}«l ~vp)+{¥n-p “Yn)~ (Yn-1 “Yn)

an (V'I1 r=Vn,.;wp)'] % (11)
Expanding by means of a Taylor series for the voltage oi the
* adjacent turn in referenece tn» that cf its neighboring turrn and
csubstituting x for w’f
= v 4 o v . b (.:l.‘] 3 b‘?' dzv
n- l n + o e — O Al Bl 1__, v o.w e . . » (12)
dx 28 dxZ 3
vn“] - v"l"“-p- erl+-b-2; dgv L w0 o & a s ®» o o (13)
x 23 ey
Ynt p='n +n-14 b ﬁ’_ﬂ_l_ﬁml). o b dz(vn 7‘0«—»1) $ g (14)
dX 2‘ dxc.
- - - - 2 ' .
n-p=VvVo-p+1 ° L (dvr —---l’—r "g"" iﬁ?»%—.)"'. e R A ¢ ]
ax 5 CX
v b C(V \ b 2/\/ 2\ (15‘\
ez - - A n y . LY o . o o Y
Ve +p-1 n—+p2‘i” 0‘(?1:2‘?'2! ( 'f‘P
Vo + p-2-Vn 4 p-3 +b __d__&gipw ‘5""- d26'n +p=3 )_1.. . o (172

dx2

. 2 32 3 i
Vn o+ p+ 3= an P + b d(Vn -L.pl ’ b _g_m_ (Vr‘ .%.p)_‘}‘pmx. g} (Vn _‘.0) (_(E;
t,o X " *

Substitubing 2qnation (14) in ecwation (18) we obtain

V]
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p

% 3 43
vn 'n“f’ = vn+n 1'}"'}2 "-l'—\"n..l-r\ ]),-L.n-!—-n %;Q(an o 1>} Lg*"’ %;':(vn':o “l)
~b’d (V ) dq 14 b2 d-’ "‘l e o o o
4 i< n+p-1 4.9 350( n}pml)' e (vpeP=1)y
P21d2 (Vpppoadib 83 (v 1) b2 a4 (v Th 6 T
213 oL 5530 prp=1i2—e, (Vndp-1)
+ ES-—_i-gxw(er{.pml)_é‘b qd \ /n.p.nf 1) ] + B ¢ (19)
S0

Coilecting terms

= . ( 2 42 (4 493 43
Vg p+1 Vnpp -1 22 '33{' Untp-1)y 2RZ %fz(vn*p"l)%‘fi" f;; Cnpo-1)
%.g_. 4 (‘vn.;:n..,l) !ls e+ & oo - (20)
R ax® ) 1

Substituthg equation {(14) in equation (18)

Yntpl = Vntp242 Shvngy. 2)+m=- L Opgpealpe - - -

dx
2
+ &Q):a.;(vn,‘} T“Ql 2 (an.p.g)d} ci/-‘):__tn’ id \Vn+pm2)+=ooa
L o L
3 ]
4b d3 7 ¢ o ¢ ¢ 2b4 5 J
3 r5§3(‘n+p“2)+ L e A JT i2d
L -t
Coilecting terms
G2
= b d 3
Vn+p+1 _Vn+pu2+‘3._, H(vn-i-pc 2) &-—.\. m;g.(vnfp»-sz}. %.23_. %i?(vn.i.p,_g)
810% ot (v .o o) (22)
.+ ..2.‘2“; u,.,z n p- 2 + « o &
Substituting equation (17) in equation (22)
v w0 1. 4b 4 (- ), 6n2 g2 ¢ 3 53
1441l = nrp=3ge=* St vnapo 32 Q07 a7 (vnaop- ),Qéh_“ 4z (v )
n+pil D=3y qn Tnh0-37y Se2 P 3 3 %3 Yntp-3e
o 4 ~
290 (v Mg @ & = = (233
3 d n4o-2/4

|
3
i
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In s3imilar fashion

= : . 2 g2
Vaiptl= Ynpp-of 2B aq;(vn“”p 4. 20 '5‘;2(VH+p=4’

Olb3 63 {V ] 2 b4 4 3 r
+ ”'6"""' 'a’x"g nen- 4), g—/rg—v— g_;z(vn_rpm4) _1__ SN (c4
; 2 2 (4
vn?p+1::Vn¢p@54_§H %;(vnrpﬂg)#~16b §§2(‘n+p~5)
0o @3 (v 1080b%  a* (v oL .) -
%—-v——- %;gdln-‘#p¢ S)~ - Z).Z:-p_m 'é’fzz(vn‘h"’f') ..t . (25)

Thus

z 7 e ‘

29"b3 d3 4 .4
_L. Lo ( V4 ) 201 D d
'3 e n<p-6 £ 170

(Vn~p e o (26)

etc untll we gat & serics 0T Vpig,g in terms of v

similarly
v 1 .Vp.n "B 8 (v ) Bhe 4% ¢ 3 3 o
n- n-p "2 S=(v 5l DS a7 (vh.p) «k2. 42 (vp-
p dx ! p412 oparcy n-y 3 = nepJ
4 2 : (27) i
D47 (vpen)
4 dxz( =
= a ¢ 0
= Vnopel -E-a;\vnwwl),;“% _.;,J(Vn pal) - S

. A2 (o 3
gro (Va-ps1) =b & (vp.p.1), e 45 (vn pel). . . .
o e P -d-)-(? P4l d

Rt —..('

5
sl
L 4
PR npi - P42 nepid s B Lo npp).
L - - |
" %”g‘éita'("n‘f-”r-" S~z pand °KLILA‘ (' Vn-pill - |
jox ‘
_ s -t . (]
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: 3
= V. pa 2b 4 (v Y I 2,’13_2 a2 (v 5he 87 v o
n.psl1 o n !3".‘1 o Sl .&.;(.2 n. tHl) g_m d}(.‘{\ n.‘j).%ﬂ,)
‘ .1..’21'.).‘1 d4 (v B ) ) . - ) o (29}
v = 3k 4. (v, ~). 502 42 ) .. 5b3 43
o= TN-DP2 = = \Vnop: 2 Sl 5 2 (v
= n.ps g VP DB 8oy (Vnepdo) - 202 £x(vn.pe2)
4 (303
532;& c:d (V " 2)__0 e ¢ o o
- é;t n-p¢
-V 2 - 4b d (v Y. 602 A2 (v ) - 28b3 a3 (=
=Vn-p3 e p43/- 282 gz e p43/ -%-—-—»- 53 1—p+3)
4 4 (31
..3. gAJKDZ'“ aiﬁ( vn‘. p_.“_:_\)):-_‘ . « e « o

c 3 I o L P
=Voopi4 = 40 & (Va.ppe)p2los gu.-gf‘ (Yyppa) = 5303 d3_(Vp peg)
. “ A 3 dx
4
‘é’ 3'1'..?.2.4_ a (Vn U'~£> o o e o o (32)
12 e}
ete untll we get a series for v, . 1 in terms of v,

If q 1s the number of turns removed from the reference turn a
genercl exnrescicn would he

| dx‘; ' (33)

where ~ 3
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For_an insids turn using equatinne (9} and (33)

gv(w",t) «-v(§;',‘ci{dw'~of-b(9“’"l) 4

{ F =
~2b 4 v, o bE Ip= 20g2 oy 3 ln’ B oad
; 2 faxe gﬁé bax3
4 t 4 : 2
b* {p° <G }d v D d v b d v
b - vmz pm o ] oo ST A n
3 4 | dx dx n??g axz
! 4 2
) —_2_-% _(;‘_‘,Vp h™ d ¥ii=a @ ® .{.'D a ‘v‘n‘;’b a2 v
Lo 1 57

3 3 v 4 dtl- v .
LY gl v 4B’ O - + ol-Db 4. v
L S b vadior SR T ax B
r ¥ - y r
,}bzng‘i ") 82 v, 3_}}_;3 By a3 v, b4],g‘i cn | at v
e ax? MlEr LSS Ml dud e
i | ol e
'b(obﬁ d Vni b2 f(r‘ht)2 : A”:]Q ..... »'3 (p-z“l)3 gmfad v
){ I -_.) ————- | } L',}‘n.r ‘;g‘,_,::__‘,r “._3 ﬂ
L o | 3 dx
X ..ific::a owlat ]
o T | axd ;

. . " D) * ..2
viwt, by v v t)\}uwL J o 4;_)_-- dptd <A jd< v
{‘}' b b . } b &L 2'3 -(-1-;2? n
>
a3

- =C* 33% Vzu-fb.i?ﬁp;f;'3~._’ 113“-?"&9.*7,&2}4 ~c “‘“2, Vnz (35)
- e {"' bl i )
whare L0 pd2 -
: A*{a if p= 2
, p73

C* will rot be needed later and is not tabulated
9
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Fggm an inside boundary turn using equations {10) and (33)
ﬂv(w" t) -v{w? st) jdw'y -Jopb g v bzr - 42 Vo
.‘url - 4 dx E?' 2 )
) ; ) =
.,,.b rt)3 ~BH g3 VD..L b4 Pf‘w ~CH gi Yy b 3 vy,
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where K is given in Table 1.
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Aulwis

If the line is now assumed to be lossless, the well kncwn

sojution of the trancmicseion line egugtions of interoest arec:
time delay (par unit length) T =\ ?LC (sec/meter) (51
phase shiftz(d = WYLC (rad/meter) (52)
charactoristic impadance ZC'VE? {ohms) {53
Inserting equations (&), {4¢) a 'x" (50} in egration (51) we obtain
(B2 21 (TD) & (Tp +( wl' oy L (5
\\.Tol A NX CO "l
where To™LoCyy 1s the low fiequency time delay. Sabstituting
in equaticn (94) for %ﬁ we Gbtain

2I K TFD‘ Y'. 14 q (Wﬂ)z (.-:5'\

(”D) s (~7r4 i ] e ; 55)
4 Cy Kb

where q.. “FTEﬁQ"" (56)

~ 0

12, It 1s thus agparent that the stray cepaciltance between
turns is muitipiied by a factor K, For a single layer lins
i) ghe effect of this capacitance is negligible. For a 3
or more layer line K has been increased many times and actuslly
is large enough to compensate for the decrease of inductance with
frequency as far as time delay is concerrned. It is true that the
characteristic impedance will suffer from this compensation, as
it does with all other known compensation measures in delay lines,
Hovever the time delay ls in genersl far more critical than
characteristic impedance, Thls stray capacitence actually becomes
ogr compensation and these iines are thus called self-compensated
lines.

13. A pioct of f, from equation (55) 1s shown in Figure % It
will be observed that for a given delay line with q70, ‘1‘
decreagses as the frequency lncreases to some minimum value and

then increases witkout limit, If the maximm variation in time
delay is prescribed q may be determined.

14, U"If the variation from a linear phase characteristic is no
mora than 1/2 radian in a frequency range of

3 x pulse length

jot
L

o ¥ TS % NIRRT TR T F s g e S et
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there will prcbably be no serious loss of signal deta1l,"8
"If the variation from a linear phase characteristic is as
much as ons radian in a frequency range of 1

3 gglae Tength
complete loas of signal detall may be expected. If a systenm
18dt8 pass pulses of duration T t$he approximate bandwildth 1is
made

Fel. (57
. 57

From the above, however, we require that the deviation from
lineaxrity in 2/3 of the bandwidth given by equation (57) shall
not be more than 1/2 radian,

15. Thus, if & pulse whose duration was 0,166 microsecond was
to be passed, the phase distortion would have to be less than
1/2 radlan up to 2 megacyocles. This corresponds to a total
error in time dslay (T-T,) of 0,0 microseconds. Thus, if the
total delay was 1 micrrsecond the error couvld be L.

16. Let us arbitrarily allow the %o ourve to go as much above

l, for a given value of q, as the curve dld go below l. Thus,
from Figure lj, we can secure the % variation in time delay vs

qe. This curvs appears as Figurs 5. Thus, in the example of the
last paragraph g must bae greater thap 0.35. Figure 6 is a plot
of # variation in time delay vs (T.2.) ... The value of

was obtained from Figure . where thd 1/T, curve crosses the
maximBm error in T =allowable in upward dirsction. Figure 7 shows
!i%%__

Jmax V8 q from Figures 5 and 6,
17. The variation in time delay of these multilayer self-
compersated lines are very similer $o single layer iines with
compensation patchesd.
18. The design equations of multilayer lines may now be stated.

Rewriting equation (56) as

C_ = 4C¢ Kgb farads/meter, (58)
° o’
and using Cy = 2DKe g a farads? (59)
J2 b-a
where 13 the relative dlelectric ccnstant of the insulation

%1
on the wire, we finally got

Co = 4y %Ke £ oKb A farads/meter. (60) l
D /2 q b-a

This 13 a convenient form to relats the compensation capacitance
(ct) to the capacitance to ground (00) as we have equations to

Uy
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relate to Go to the physical dimensions of the line.

Cha ® 2MKgq € ferada/meter (61)
° in Dl/ﬁg ’

where Kid 1s the dielectric donstanu of the insulation between

the core and the winding,
D2 is the core diameter,

and Dy 18 the dlameter of the core plus the inaulation.

19. This simple formula is applicable in most multilayer lines,
but it should be noted that there 1ia a capacitance formed by

the insulation on the wire itself. As the dlelectric constants
are not, in general, the eaT p more exaot results may be secured
by considering both mediums+¥. In most caszes however equation
(61) %s accurate enough.

20, The Inductance of a long solenold 1s given by the weil
known expression

(o]

L. = »N° D% (henries/meter), (62)
T e

where N %8s the number of turns per meter.

21. From Figurs |} it is obvious that some varlation in time
delay is unavoidable., This variation in time delay is a vari-
ation in phase response (ses equations (51) and {52)). It is8
well lnown that any variations in the amplitude or phase response
of a system will alter the wzve form of thiloutput signal of the
8 we know that
amplitude distortion produces dlatortion symmstrical atout the
center of the pulse, while phase distortion produces anti-
eymmetrical distortion of the pulse. The response of a unit
impulse passed through several kinds of amplitude distortion is

shown in Figure 8. From some measurements made on the emplituds
distortion of these lines with sinusoidal signals applied, it
appeers that the response of these linss resembles (c) through
much of the range with ¢ sharper drop at some higher frequency

where the amplitude 1s already very lows

22, The phass distortion of an uncompensated and self-compensated

line 18 shown in Figure 9. The phase distortion approacheg the
form indicated in Pigurs 1. The rssponss T° & unit imoulas is
also shown in Figure 10 if the phase error is assumed sinusoldal,
The respogie is sltered by the echo or impulse overshoot. The
magnitude of this echo 1is

= J1 (4Q)
I (a¢)

15
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where Ji is the Bessel Function of the first kind and 1st
gggar,d Jo 18 the Bessel Function of the first kind and
. oxdar,

23, It is thus apparent that the amplitude distortion produces
symmetrical overshoot echoas and phase distortion produces anti-
8 trical overshoot echoes. Measurements of amplitude and
phase distortion echoes on typical lines uesd in this report are
shown in Table IX. This table demonstrates that phase dis-
tortéon is causing most of the overshoot in most of the lines
wound.,

2k, Thus with the aid of equations (51) 55?3), (60), (61)
(62), (57) and statement below equation ), and Figures 5,
and ; this type of line may be designed., Lines have been wound
when the average number of layers was not an integer. In this
case the value of K was read from Figure 3 for the average
number of layers. No diff'erence in performance of these lines
has been noticed,

25. In general.lines heve been bank wound with layers from 2
through 5 and wire sizes from 32 through 47 with several kinds
of insulation. These lines have had impedances from 2,000 ohms
through 10,000 ohms and time delays from 2.5 to over 30 miecro-
seconds per meter. Examples are given in Table II. Experi-
mental evidence to substantiate the theory devsloped in this
section will -be given.

Line Construction

26, The lines were wound on 3/16 inch dlameter polystyrene
cores 12 inches long. These cores were given several coats of
silvar cornducting paint to form the ground strip. Although the
cores could be slotted after an overnight drying period a much
cleaner cut was made if tha drying period was several days.

The cores were &xially slotted forming 36 thin strips, each
strip being about 0.015 inch wide, The slots were about 0,003
inch wide. A one inch length of the core was left unslotted to
facilitate the connection of the external ground lead. The core
vas covered with a layer of insulating material to give the re-
quired winding~to-core capsacitance. A piece of thin teflon
tape was wound around the core. A number of small pieces of
scotch cellophane tape held the teflon on the core until the
line was wound, The scotch tape was remeved plece by piece as
the line was wound,

27. The winding was done oa a lathe. In order to provide
uniform wire tension, both to sscure a good winding and to pre-
vent breakage, a wire feeding device was used. The wire feeding
device and the slotting device are shown in Figure 11. The wire
tension was adjustable over a range of about lguio 70 granms.

The temsion was continuously indicated by a pointer,
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280 A wire guide attached to the longitudinal feed of the
lathe was placed sbout 1/16 inck from the core, which was
chucked in the lathe. The longitudinal travel of the wire
guide could be as iow as 0.00066 inok per turn. As this
distance is a fraction of the wire diameter, the result was a
multiple layered coil epproximsting & benk winding. The far
ond of the core was attached to a counter chucked in the tail-
stock, A steel drlill rod was inserted through & hole in the
core for vrigidity. A 10 insh long winding was wound on the
core. Lines have been wound with speeds varylng from about
200 to 800 rpm,

29. A magnified view of the end of the line showing details
of construction appears in Figure 12, :

Moasurcments

30. The method for determining the characteristic impedance

Cf these delay lines was based upon the fact that no re-~
flections ooccur in an idealized delay line terminated in
characteristic impedance. The value of tha characteristic
impedance in a practical case involving complex waves must
therefore be compromised for minirum reflections over the band
of frequencies for which the line is desligned to opsrate. The
lines were terminsted at ths input as well as the output to
minimize any possible secondary reflections at the input. A
suitable mesns of determining the effective characteristic
impedance when the line 13 usad to delay rectangular pulses is
to feed the pulse itself into the delay line and to adjust the
terminating impedances for minimum reflections. A block disgram
1llustrating the expserimental method for determining the i
characteristic impedance of these delay lines and for recording
the response of the delay limss to rectangular pulses appears

in Figure 13. The pulse generator was of the delay line type.
RG-65/0 dslay line cable was used. This pulse generator was
triggered by a Lavele type LA=532A pulse generator. A Hewlett
Packard type 212A pulse generator was used on occasion in
ocbserving the response of the lines to pulses of greater than 1l
microsecond duration. A Tektronix type 517 oscillloscope was

used., The oscilloscops sweep was triggersd by the input pulse.

A camera, mounted on the oacilloscope, was used to record the
input and output wave shapes of the delsay line., A videc amplifier
was placed between the dalay line and the pulse generator. The
load impedance of the video amplifier was made equal to the

characteristic impedance of the line., A diagram of the video
amplifier appears in Figure 1y,

31, The pulse distortion and attenuation were alsc measursd
with the same equipment. The oscllloscope camerf was used to
record the waeve forms of both the input and output signals and
the measurements were made directly from the photographs as the
swedp of the type 517 oscilloscope Ls qulte linear and the sweep
time in milli-microseconds per centimeter quite accurate.

7
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32. The vertical gain was kepf constant for both input am

. output pulses so that ettenuation measurements could be made
from the photographs,

33 7The delay time as well as the rise time and fall time was
likewlse measured on the oscilloscops., The delay time was
defined as the time between the mid-point of the leading. edge

of the inpat and output wave forms. The rise and fzll times
‘were defined as the time dAuration between thé 10% and 90% vealues
of the pulse amplitude. The pulse duration was definsd as the
time between the 50% values, Tke attenuatlon wes measured by
comparing the amplitudes of the input and output pulses,

3L, Although the pulse response of the lines was used as a
measure of their ability, some sinuscidsl data were taken. In
¢rder to determins the vallidity of the equations, a line was
connected to a r.f. signal generator through a 10,000 ohm
resistor as shown in Figurs 15, The Tektronlx 517 oscilloscope
'was used as.a VIVM. With the line short circuited, the frequen-
cles at which the impedance of the line was a minlimum, was noted,
The line was thus electrically'é, éﬁl,etco long. The measure-

ments were repesated with the line open circulted, the line then
being &, 3A, 54 etc. long electrically. From this data, the

measured values of L, and C, at low frequencles, and the physical
dimensions of ths line, w D could bs calculated.

o

Experimental Results

350 Photographs of the input and output wave forms for several
short lines appear in Figurs 16, All input pulses are 1 micro-
second duration. Line A has an average of 1.7 layers of AWG
L1F wire and was 1.65 inches long with a delay of 1.03 micro-
seconds. This line had a bad reflectlion occurring near the
middle of the line as can be observed, Line B has li'layers of
AWG L1F wire and was 2.l inches long with a delay of 0.6

iocrcsecond, Line C has 3 layers of AWG 39F wire ard was 2-3/
inches 1long and had a dslay ‘of 1,17 microseconds, Tke last row
of photographs are the input and output wave forms observed
using a 15 foot piece of RG=565/U cable which had a delay of 0.7
microsecond., The gain of the scope was kept constant in each
line 30 that the attenuation in the lines may be observed,

36. Photographs of ths inpuit, output and input and output wave
forms supsrimposed for another line appear in Figwe 17. Line

D has 3 layers of AWG L1AF wire and was 9.75 inches long. It had
a delay of 2,1 microseconds. In the photograph of input and
outpvrt wave forms superimposed come small varlations are obssrved
in the base 1linz. Those not originating with the pulse itself
(due to finite passhand and compensation limitations) probably
accur due to ninor reflections from discontiruitises in the line,

18
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Reflectlions of this magnitude are present in most of the lines
wound. For comparison purposes the response of a 46 foot piece

. of RG-65/U cable is shown as well as a 3 foot plece of General
Electric 1100 ohm cabile,

37. Evamples of lines wound with other insulated wirss appear
in Figure 18. A1l these lines ape wound with 3 layers of AWGC
41 wire with different types of Insujation., Line F was wound
with heavy foruwex insuiation (Kg = 3.1). Tine P was wound with
Sprague Electric Company CerocagT insulation (assumed = 3),
Thls wire hes an inorganic ceramic insulating coating thinly
deposited on copper wire with an overlay of taflon, 1ine G was
wound with Sprague Electyic Company Ceroc 200 insulation
(assumed = 3). This wlre has an overlay of silicon Instead
of teflon but otherwise the same as Ceroc ST. Iline H i1s a
teflon insulated wire (Kg = 2) of Hitemp Wires, Incorporated.
In general the characteristics of all these linecs are similar.
Due to thie lower dielectric constant of thes teflon, 1ine H has
a higgér characteristic impedance and a shorter deiay per unit
length,

38. Lines have been wound with size AWG 47 wire. The pulse
response of such a line appears in Figure 19. It will be noted
that the attenuation for this line is considerably greater than
these previously mentionsd. This is due te the increased ohmic
resistance of this very small wire. Extreme care had to be used
- in winding lines with this small wire,

39. The response of a higher impedance line is shown in Flgure
20, This 1ine had characteristic lmpedance of 10,000 chms,

The response of another line t¢ pulses of various durations 1is
shown in Figure 21.

40, An attempt was made to check Figure 4 by the method outlined
in section IV, The measurementis made on line C is shown in
Figure 22, The crosses indicate open circult measurements and
the circles indicate short circuit measurcements; a comparison of
Flgurse 22 and Figure 4 indicates that q is about 0.4, From
measuremantis of capaclity to ground the value of q was found to
be 0,605, The error is considered to be well within expsrimental
1imits when one considers that there was no means of accurately
placing each turn in accordance with the geomet»lsal pattern
assured in the theoretical derivation. Measuremenis wers &1so
made on several other lines and the discrepancy of these lines was
about the same as the one shown.

L3, Characteristics of a 1ine with longer delay are shown in
Figure 23. This line was 35-1/2 inches long =zd had a delay of
7.35 microseconds. As a ccmparison a 112 foot section of

RG=65/0 cable is shown, This cable had a delay of 5.8 miero-~
seconds. It is apparent that the rise time of this line 1is
considerably better than that of RG~65/U cable even though its
delay 1s considerably longer, Several bad reflections arse apparent
due to wire breakage and improper winding.

19
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42, The rise times of severai of the lines which were more or
less identical have bean plotted in Flgure 24. The data points
on curve are indicated with crosses. The data points for RG-65/U
cable are indicated by circles. From this curve it is apparent
that the rise time of self- compensated lines and RG-65/U cable

ES P =y i s e - - L~ Ay Y L. T . | =
are about sgual st & delay time of sbout 3.7 micressconds and at

longer delays the self=compencated iine 1s éonsiderably better.

43, More data on the lines shown in all the photographs appear

%9 ngle II. The cut~off frequency is computed from the rise
imell,

Fo = -*95#&5-; (64)
T

CONCLUSIONS

4., Experimental evidence has shovn good sgreement with the
theoretical analysis within experimental error.

45. It is observed that these multilayer self—compensated, bank
wound lines have considerably longer delays per eaxiasi inch, have
considerably reduced gttenuations for the same delay time, but
suffer from more internai reflections. For short delays (up to
about 2 microseconds) the rise time is considerably poorer. This
of course, means lower cut:off frequencles. At delays of greater
than 4 microseconds, however, the rise time is considerably better
than RG-65/0. This 1s attributed to the fact that the output
pulse of these 1ines remains largely unchanged as the time delay

increases, while RG-65/U cable has an exponential rise and fall
with a flat top.

46. Experimental evidence indicates 1ittle variation of
attenuation with different wire lnsulating materials. 4 higher
dielectric constant material on the wlre would give increased
compensation and thus give even greater delays per unit length.

47. It appears that the atteuuation of these lines can be re~
duced somewhat and fewer minor refilections obtalned if a better

winding technique can be developed to approach more closely a
true bank wound line.

20
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